Introduction
============

The breast cancer type 1 susceptibility protein (BRCA1) gene is a tumor suppressor gene that is \~100 kb in length ([@b1-ol-0-0-10169]). BRCA1 contains 24 exons that encode a large multi-domain protein, which consists of 1,863 amino acids and is 220 kDa ([@b1-ol-0-0-10169]). The BRCA1 protein is predominantly present in the nucleus and is phosphorylated by various kinases, including the DNA damage sensor proteins ataxia-telangiectasia mutated (ATM), ataxia telangiectasia, Rad3-related protein and checkpoint kinase 2 ([@b2-ol-0-0-10169]). As a tumor suppressor, BRCA1 serves an important role in the response to hazardous DNA damage, including DNA double strand breaks, which are repaired by error-free homologous recombination ([@b2-ol-0-0-10169]). In addition, BRCA1 interacts with a number of proteins involved in chromatin remodeling, transcriptional regulation and the cell cycle to maintain genome integrity ([@b3-ol-0-0-10169]). In total, \>500 different BRCA1 mutations have been identified throughout the coding region and untranslated region ([@b4-ol-0-0-10169]). A mutation or alteration in BRCA1 results in DNA replication errors and mutations, which induce tumor growth ([@b2-ol-0-0-10169]). Germline mutations in BRCA1 and breast cancer type 2 susceptibility protein are responsible for hereditary breast-ovarian cancer syndromes (HBOCs). Patients with a HBOC are at an increased risk of breast, ovarian and fallopian tube cancer, and, to a lesser extent, other cancer types, including pancreatic, stomach, laryngeal and prostate cancer ([@b5-ol-0-0-10169]). In addition, decreased expression or loss of BRCA1 has been reported in sporadic breast cancer and ovarian cancer ([@b6-ol-0-0-10169],[@b7-ol-0-0-10169]). The decrease or loss of BRCA1 expression can be explained by a mutation of the BRCA1 gene, BRCA1 promoter hypermethylation, or overexpression of microRNAs that target BRCA1 mRNA ([@b8-ol-0-0-10169]--[@b12-ol-0-0-10169]).

Previously, clinical studies reported an association between a low BRCA1 expression level or BRCA1 mutation and the incidence and prognosis of gastric cancer ([@b13-ol-0-0-10169],[@b14-ol-0-0-10169]). Patients with a high BRCA1 expression level demonstrate a longer overall survival time ([@b14-ol-0-0-10169]--[@b16-ol-0-0-10169]). By contrast, patients with a BRCA1-negative status are more likely to have a high tumor grade according to The American Joint Committee on Cancer, a high Tumor-Node-Metastasis (TNM) stage, or a poorly differentiated tumor ([@b14-ol-0-0-10169]--[@b17-ol-0-0-10169]). In addition, patients with a BRCA1 single nucleotide polymorphism (SNP) were identified to possess a predisposition for gastric cancer. In the BRCA1 coding sequence, a rs799917 T\>C SNP increases the risk of gastric cancer and this SNP is associated with shorter overall survival and progression-free survival times ([@b18-ol-0-0-10169],[@b19-ol-0-0-10169]).

Platinum agents, including cisplatin and oxaliplatin, are popular anticancer drugs in clinical practice ([@b20-ol-0-0-10169]). Cisplatin exerts cytotoxic effects by forming DNA adducts and inducing DNA lesions ([@b20-ol-0-0-10169],[@b21-ol-0-0-10169]). The predominant mechanism that repairs DNA adducts is the nucleotide excision repair pathway; however, the mismatch repair pathway can also serve a role ([@b20-ol-0-0-10169]). Each repair pathway typically arrests the cell cycle and resolves the DNA lesion; however, if the damage is excessive the cell will transduce signals to initiate apoptosis ([@b22-ol-0-0-10169]). In addition, cisplatin has the ability to deplete methionine and cysteine-containing peptides, including glutathione, which depletes antioxidant molecules and induces oxidative stress ([@b23-ol-0-0-10169]). Reactive oxygen species and nitric oxide induce cytotoxicity via mitochondrial outer membrane permeabilization, which promotes apoptosis via the intrinsic pathway ([@b24-ol-0-0-10169]). The mechanism of action of oxaliplatin is similar to that of cisplatin; however, it produces fewer adducts and demonstrates a higher cytotoxicity ([@b25-ol-0-0-10169]). For the treatment of gastric cancer, platinum agents can be used as a monotherapy or in the following combinations: Cisplatin and 5-fluorouracil (5-FU); epirubicin, cisplatin and 5-FU; epirubicin, cisplatin and capecitabine; mitomycin, cisplatin and 5-FU; docetaxel, cisplatin and 5-FU; and 5-FU, leucovorin and oxaliplatin ([@b26-ol-0-0-10169]). A number of studies have revealed that BRCA1-negative gastric cancer is associated with a poor prognosis and is more sensitive to platinum-based adjuvant chemotherapy compared with BRCA1-positive gastric cancer ([@b15-ol-0-0-10169],[@b16-ol-0-0-10169]). These findings indicate that patients with BRCA1-negative gastric cancer have a longer overall survival time and improved prognosis, which suggests an important association between BRCA1 expression and platinum-based chemotherapy.

In summary, clinical studies have revealed an association between BRCA1 expression and gastric cancer; however, to the best of our knowledge, a comprehensive *in vitro* study has not been performed to support this clinical observation. Therefore, the present study investigated whether BRCA1 expression is correlated with chemosensitivity to platinum agents, including cisplatin and oxaliplatin, in a number of gastric cancer cell lines. The current study revealed that the BRCA1 expression level is variable in different types of gastric cancer and is positively correlated with the treatment response to platinum-based chemotherapy. This suggests that BRCA1 may serve as a therapeutic marker to predict the effectiveness of platinum-based chemotherapy in gastric cancer.

Materials and methods
=====================

### Cell culture

The human suspension gastric cancer cell lines SNU1, SNU5, SNU16 and SNU620 were purchased from the Korean Cell Line Bank (Seoul, Korea) and cultured in RPMI-1640 (Welgene, Inc., Gyeongsan, South Korea) supplemented with 20% fetal bovine serum (Welgene, Inc.), 1 mM sodium pyruvate (Welgene, Inc.), minimal essential medium non-essential amino acids (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 10 mM HEPES (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/m streptomycin (Gibco; Thermo Fisher Scientific, Inc.). The human adherent gastric cancer cell lines SNU216, SNU484, SNU601, AGS and NCI-N87, and the human mixed type gastric cancer cell line KATO III (all from the Korean Cell Line Bank) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin. The human gastric adherent gastric cancer cell line Hs746T was obtained from the Korean Cell Line Bank. The human normal gastric cell line HFE-145 was kindly provided by Professor Won Sang Park (Catholic University, Seoul, Korea) with permission from Professor Hassan Ashktorab (Howard University, Washington, DC, USA) who had originally established the cell line. Hs746T and HFE-145 cells were cultured in Dulbecco\'s modified Eagle\'s medium (Welgene, Inc.) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin. All cells were cultured at 37°C and 5% CO~2~.

### Cell viability assay

All gastric cancer cell lines and HFE-145 cells were seeded at a density of 5×10^3^ cells/75 µl per well in a 96-well plate. Following incubation overnight, the cells were treated with 0.000, 0.025, 0.076, 0.228, 0.685, 2.060, 6.170, 18.500, 55.500 and 167.000 µM cisplatin (Selleck Chemicals, Houston, TX, USA) or 0.000, 0.019, 0.058, 0.173, 0.518, 1.550, 4.660, 14.000, 42.000 and 126 µM oxaliplatin (Selleck Chemicals). Cisplatin and oxaliplatin powders were obtained, and 167 µM cisplatin and 126 µM oxaliplatin stock solutions were prepared in dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) and subsequently three-fold diluted in culture medium as aforementioned. Following 48 h of treatment at 37°C, 20 µl MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA) was added. Cells were incubated for 6 h and then 150 µl acidic isopropanol (0.04 N HCl final concentration) was added to dissolve the formazan crystals. To quantify the viable cells, the optical density was measured at 540 nm using an EMax microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA).

### Western blotting

All gastric cancer cell lines and HFE-145 cells were harvested and resuspended in lysis buffer containing 0.0625 M Tris-HCl (pH 6.8), 20% glycerol, 2% SDS and 5% b-mercaptoethanol in distilled water. The protein concentration was measured using a Pierce^™^ BCA Protein assay kit (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Total protein (50 µg) was then loaded onto an 8% SDS-PAGE gel and transferred to an Immune-Blot^®^ polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membrane was blocked for 1 h at room temperature with TBS containing 0.1% Tween-20 (TBS-Tween; Amresco, LLC, Solon, OH, USA) and 5% skim milk powder (Bioworld Technology, Inc., St. Louis Park, MN, USA). Following blocking, the membrane was washed and incubated with an anti-BRCA1 mouse monoclonal antibody (catalog no. OP92; 1:1,000; EMD Millipore, Billerica, MA, USA) in TBS-Tween containing 5% bovine serum albumin at 4°C overnight. Following washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated horse anti-mouse IgG antibody (catalog no. 7076S; 1:3,000; Cell Signaling Technology, Inc., Danvers, MA, USA) for 1 h at room temperature. For the detection of β-tubulin, an anti-β-tubulin rabbit monoclonal antibody (catalog no. 2128S; 1:2,000; Cell Signaling Technology, Inc.) was used at 4°C overnight, followed by incubation with goat anti-rabbit IgG-HRP-conjugated antibody (catalog no. 1706515; 1:3,000; Bio-Rad Laboratories, Inc.) for 1 h at room temperature. West-Q Pico enhanced chemiluminescent solution (GenDEPOT, Barker, TX, USA) was used to visualize the protein bands on the membrane. A ChemiDoc XRS densitometer (Bio-Rad Laboratories, Inc.) and Quantity One software (version 4.6.3; Bio-Rad Laboratories, Inc.) were used to detect and quantify the protein bands.

### Statistical analysis

All data are presented as the mean ± standard deviation. Each experiment was performed a minimum of three times and representative data were obtained. Pearson\'s correlation coefficients were calculated using Microsoft Excel 2013 (Microsoft Corporation, Redmond, WA, USA). Statistical significance was assessed by one-way analysis of variance followed by Dunnett\'s multiple comparison test. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA) or R 3.5.2 (The R Foundation for Statistical Computing, Vienna, Austria). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of BRCA1 at the protein level

To measure BRCA1 protein expression levels in various gastric cancer cell lines western blot analysis was performed. The gastric cancer cell lines were categorized into suspension cell lines and adherent cell lines, and protein expression in these two categories was analyzed separately. KATO III cells are mixed type gastric cancer cells, growing as mixed adherent and suspension cultures. The BRCA1 expression in the mixed type KATO III cells was also analyzed. As presented in [Fig. 1](#f1-ol-0-0-10169){ref-type="fig"}, the BRCA1 protein expression level varies depending on the cell type. No significant differences were identified in the BRCA1 expression in the suspension or adherent gastric cancer cell lines compared with the HFE-145 control cell line. However, BRCA1 protein expression was significantly higher in the mixed type gastric cancer KATO III cell line compared with that in the HFE-145 cell line (P\<0.05).

### Effects of platinum agents against gastric cancer cell lines

To investigate the anticancer effects of platinum agents on gastric cancer cells, the IC~50~ values of cisplatin or oxaliplatin in each cell line were measured using an MTT assay. As presented in [Tables I](#tI-ol-0-0-10169){ref-type="table"} and [II](#tII-ol-0-0-10169){ref-type="table"}, the IC~50~ values of cisplatin or oxaliplatin depend on the type of gastric cancer cell. Among the suspension cell lines, the IC~50~ values for both platinum agents were higher in the SNU1 and SNU620 cells compared with the normal HFE-145 gastric cell line. The IC~50~ value of cisplatin was lower in SNU5 and SNU16 cells compared with HFE-145 cells; however, the IC~50~ value of oxaliplatin was higher in the SNU5 and SNU16 cells compared with HFE-145 cells. Among the adherent cell lines, the IC~50~ values for both platinum agents were lower in AGS, SNU216, SNU484, SNU601 and NCI-N87 cells compared with the normal HFE-145 cells. The IC~50~ value of cisplatin was lower in Hs746T cells compared with HFE-145 cells; however, the IC~50~ value of oxaliplatin was higher in Hs746T cells compared with HFE-145 cells. The mixed type cell line KATO III was identified to exhibit a higher resistance to both platinum agents compared with HFE-145 cells.

### Correlation between BRCA1 expression and chemosensitivity to platinum agents

To investigate the effects of BRCA1 expression on the chemosensitivity of gastric cancer cells to platinum agents, correlation coefficients between BRCA1 protein expression level and the IC~50~ of cisplatin or oxaliplatin were calculated ([Fig. 2](#f2-ol-0-0-10169){ref-type="fig"}). The suspension cell lines demonstrated a significant positive correlation between BRCA1 protein expression level and the IC~50~ value of cisplatin (P\<0.05). In addition, significant positive correlations were identified between the BRCA1 protein expression level and the IC~50~ values of cisplatin (P\<0.01) and oxaliplatin (P\<0.001) in the adherent cell lines.

Discussion
==========

Gastric cancer was the third leading cause of cancer-associated mortality worldwide in 2018 ([@b27-ol-0-0-10169]). Due to late detection and diagnosis at an advanced stage, patients with gastric cancer often have a poor prognosis ([@b28-ol-0-0-10169]). In Korea, gastric cancer was estimated to be the fourth leading cause of cancer-associated mortality both in males and females in 2018 ([@b29-ol-0-0-10169]). As one of the major types of cancer, gastric cancer remains a global health burden; therefore, there is a requirement to identify markers that may improve prognosis and treatment.

BRCA1 expression level is widely used to predict the prognosis of breast cancer and ovarian cancer. BRCA1 expression is lower in sporadic and inherited breast cancer ([@b30-ol-0-0-10169]), and \>50% of epithelial ovarian cancer cases exhibit a BRCA1-deficient status ([@b8-ol-0-0-10169],[@b31-ol-0-0-10169]). In addition to the identified association between BRCA1 expression and breast and ovarian cancer, previous studies have reported that BRCA1 expression is associated with the prognosis of gastric cancer ([@b14-ol-0-0-10169]--[@b16-ol-0-0-10169]). A high TNM stage or poorly differentiated tumor is associated with a BRCA1-negative status ([@b14-ol-0-0-10169]--[@b17-ol-0-0-10169]). SNU484 and SNU601 cells, and all suspension gastric cancer cell lines used in the present study are poorly differentiated ([@b32-ol-0-0-10169],[@b33-ol-0-0-10169]).

Treatment regimes involving cisplatin and oxaliplatin have been widely used to treat gastric cancer ([@b26-ol-0-0-10169]). In general, the current study revealed that the IC~50~ values of both platinum agents were higher in the suspension cell lines (16.76±6.4 for cisplatin; 34.01±10.89 for oxaliplatin) compared with the adherent cell lines (12.68±2.75 for cisplatin; 11.63±3.00 for oxaliplatin). Previous clinical studies have reported that poorly differentiated or advanced-stage cancer cases are more likely to have a BRCA1-negative status ([@b14-ol-0-0-10169]--[@b17-ol-0-0-10169]). The suspension cell lines used in the present study were poorly differentiated and exhibited similar properties to advanced-stage cancer, which suggests they would be sensitive to platinum agents. However, the suspension cell lines were identified to possess a higher resistance to cisplatin and oxaliplatin compared with the adherent cell line. Considering a secondary mutation that may restore BRCA1 function ([@b34-ol-0-0-10169]), further studies are required to assess if the suspension cell lines could gain another mutation. When correlation coefficients between BRCA1 expression and IC~50~ values were determined, lower correlation coefficients were revealed between BRCA1 expression levels and IC~50~ values for the suspension cell lines compared with the adherent cell lines, which indicates that BRCA1 influences advanced-stage cancer cells to a lesser extent compared with cancer cells at an earlier stage.

Cisplatin and oxaliplatin are understood to respond to cancer cells via a similar mechanism, including the formation of adducts to double strands of DNA ([@b26-ol-0-0-10169]). However, cisplatin and oxaliplatin exhibit different effects on the DNA mismatch repair pathway. Cisplatin-DNA adducts demonstrate a stronger affinity for the mismatch repair proteins MSH2 and MutS compared with oxaliplatin-DNA adducts; therefore, mismatch repair proteins are more susceptible to cisplatin cytotoxicity ([@b35-ol-0-0-10169],[@b36-ol-0-0-10169]). When mismatch repair proteins bind to cisplatin-DNA adducts, the cytotoxicity increases due to an enhancement of the apoptosis pathway ([@b37-ol-0-0-10169],[@b38-ol-0-0-10169]) and DNA translesion synthesis ([@b39-ol-0-0-10169]). If mismatch repair pathways are deficient or mutated, cisplatin resistance typically occurs ([@b40-ol-0-0-10169]). In gastric cancer, hypermethylation of the promoter region of the mismatch repair protein MLH1 has been reported ([@b41-ol-0-0-10169]), which leads to silencing of the MLH1 gene. Hypermethylation of the MLH1 promoter has been identified in \>50% of gastric cancer cases, which demonstrate a high level of microsatellite instability (MSI-H) ([@b42-ol-0-0-10169]--[@b47-ol-0-0-10169]). Furthermore, patients with MSI-H have been reported to have no MLH1 and MSH2 protein expression ([@b43-ol-0-0-10169],[@b48-ol-0-0-10169]). Downregulation of the mismatch repair gene alone does not promote carcinogenesis ([@b49-ol-0-0-10169]); therefore, additional alterations in the expression of other genes would be required.

The BRCA1-associated genome surveillance complex (BASC) is composed of numerous proteins, including BRCA1, MSH2, MSH6, MutL homolg 1 (MLH1), ATM, bloom syndrome RecQ like helicase and replication factor C, and the RAD50-MRE11-nibrin protein complex. BRCA1 and MLH1 or BRCA1 and the MSH2-MSH6 heterodimer interact with each other within the complex ([@b50-ol-0-0-10169]). In addition, a study investigating hereditary nonpolyposis colon cancer, which increases the risk of GC ([@b51-ol-0-0-10169]), revealed an interaction between BRCA1 and the MSH2-MSH6 complex ([@b52-ol-0-0-10169]), which suggests BASC serves a role in the pathogenicity of gastric cancer. Therefore, further studies with a focus on mismatch repair proteins, including MSH2, MSH6 and MLH1, are required to improve understanding regarding the association between BRCA1 and the cytotoxicity of platinum agents.

In conclusion, the present study revealed that the expression level of BRCA1 is variable in different types of gastric cancer. In addition, BRCA1 expression level in adherent gastric cancer cells was identified to be correlated with the treatment response to cisplatin and oxaliplatin. Furthermore, a correlation was observed in the suspension cell lines for cisplatin. Therefore, the current study suggests that BRCA1 may be used as a therapeutic marker to predict the sensitivity for platinum based anticancer agents in gastric cancer.
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![BRCA1 protein expression levels in gastric cancer cell lines. BRCA1 expression levels in the (A) suspension cell lines, (B) adherent cell lines and mixed type KATO III cell line were measured by western blot analysis. The BRCA1 expression levels in the (C) suspension cell lines, (D) adherent cell lines and KATO III cell line were quantified and normalized to that of HFE-145 cells. One-way analysis of variance followed by Dunnett\'s multiple comparison test was applied to compare the BRCA1 protein levels in the different cell lines. Data are presented as the mean ± standard deviation (n=3). \*P\<0.05 vs. HFE-145. BRCA1, breast cancer type 1 susceptibility protein.](ol-17-06-5023-g00){#f1-ol-0-0-10169}

![Dot plots representing the correlation between BRCA1 protein expression and IC~50~ values of platinum agents. (A) The IC~50~ value of cisplatin in suspension cell lines plotted against relative BRCA1 expression level. (B) The IC~50~ value of cisplatin in adherent cell lines plotted against relative BRCA1 expression level. (C) The IC~50~ value of cisplatin in all cell lines plotted against relative BRCA1 expression level. (D) The IC~50~ value of oxaliplatin in suspension cell lines plotted against relative BRCA1 expression level. (E) The IC~50~ value of oxaliplatin in adherent cell lines plotted against relative BRCA1 expression level. (F) The IC~50~ value of oxaliplatin in all cell lines plotted against relative BRCA1 expression level. Correlation coefficients and P-values are presented in the corresponding dot plot. The IC~50~ values are presented as the mean ± standard deviation. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. BRCA1, breast cancer type 1 susceptibility protein.](ol-17-06-5023-g01){#f2-ol-0-0-10169}

###### 

IC~50~ values of cisplatin and oxaliplatin in suspended cells and control HFE-145 cells.

  Cell line   IC~50~ of cisplatin, µM^[a](#tfn1-ol-0-0-10169){ref-type="table-fn"}^   P-value^[b](#tfn2-ol-0-0-10169){ref-type="table-fn"}^   IC~50~ of oxaliplatin, µM^[a](#tfn1-ol-0-0-10169){ref-type="table-fn"}^   P-value^[b](#tfn2-ol-0-0-10169){ref-type="table-fn"}^
  ----------- ----------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------------------------- -------------------------------------------------------
  SNU1        19.78±1.20                                                              0.01770                                                 23.13±4.52                                                                0.01140
  SNU5        11.28±2.07                                                              0.05880                                                 49.2±3.44                                                                 1.8×10^−5^
  SNU16       9.66±0.47                                                               0.00160                                                 29.62±0.27                                                                0.00024
  SNU620      25.15±1.28                                                              0.00001                                                 32.11±2.50                                                                0.00001
  HFE-145     15.68±1.57                                                              --                                                      14.64±2.00                                                                --

Data are presented as the mean ± standard deviation of three or four experiments.

IC~50~ of each drug in HFE-145 cells vs. each other cell line, as assessed by one-way analysis of variance followed by Dunnett\'s multiple comparison test using R.

###### 

IC~50~ values of cisplatin and oxaliplatin in adherent cells, mixed type KATO III cells, and control HFE-145 cells.

  Cell line   IC~50~ of cisplatin, µM^[a](#tfn3-ol-0-0-10169){ref-type="table-fn"}^   P-value^[b](#tfn4-ol-0-0-10169){ref-type="table-fn"}^   IC~50~ of oxaliplatin, µM^[a](#tfn3-ol-0-0-10169){ref-type="table-fn"}^   P-value^[b](#tfn4-ol-0-0-10169){ref-type="table-fn"}^
  ----------- ----------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------------------------- -------------------------------------------------------
  Hs746T      10.37±2.61                                                              0.0329                                                  15.75±0.79                                                                0.90159
  AGS         14.60±2.20                                                              0.9794                                                  9.87±0.81                                                                 0.00741
  SNU216      14.77±1.38                                                              0.9918                                                  13.43±2.02                                                                0.85964
  SNU484      9.06±0.75                                                               0.0071                                                  13.45±0.85                                                                0.87080
  SNU601      14.44±1.62                                                              0.9249                                                  9.11±1.72                                                                 0.00250
  NCI-N87     13.07±1.67                                                              0.5008                                                  8.07±0.76                                                                 0.00037
  KATO III    35.68±3.37                                                              7.5×10^−11^                                             37.02±2.39                                                                \<2.0×10^−16^
  HFE-145     15.68±1.57                                                              --                                                      14.64±2.00                                                                --

Data are presented as the mean ± standard deviation of three or four experiments.

IC~50~ of each drug in HFE-145 cells vs. each other cell line, as assessed by one-way analysis of variance followed by Dunnett\'s multiple comparison test using R.
